Interaction web of top-down and bottom-up effects in the eelgrass study system. The top predator is the sea otter (E. lutris), the mesopredators are crabs (Cancer spp. and Pugettia producta), the epiphyte mesograzers are primarily an isopod (I. resecata) and a sea slug (P. taylori), and algal epiphyte competitors of eelgrass primarily consist of chain-forming diatoms, and the red alga Smithora naiadum. Solid arrows indicate direct effects, dashed arrows indicate indirect effects, and the plus and minus symbols indicate positive and/or negative effects on trophic guilds and eelgrass condition. C, competitive interaction; T, trophic interaction. (Original artwork by A. C. Hughes.) (B-E) Survey results testing for the effects of sea otter density on eelgrass bed community properties (Tables S2  and S3 ). Elkhorn Slough (sea otters present and high nutrients) eelgrass beds (n = 4) are coded in red, and the Tomales Bay reference site (no sea otters, low nutrients) beds (n = 4) are coded in blue. (B) Crab biomass and size structure of two species of Cancer crabs; (C) grazer biomass per shoot and large grazer density; (D) algal epiphyte loading; and (E) aboveground and belowground eelgrass biomass. DW, dry weight; FW, fresh weight.
Mapping the receptor site for α-scorpion toxins on a Na The α-scorpions toxins bind to the resting state of Na + channels and inhibit fast inactivation by interaction with a receptor site formed by domains I and IV. Mutants T1560A, F1610A, and E1613A in domain IV had lower affinities for Leiurus quinquestriatus hebraeus toxin II (LqhII), and mutant E1613R had w73-fold lower affinity. Toxin dissociation was accelerated by depolarization and increased by these mutations, whereas association rates at negative membrane potentials were not changed. These results indicate that Thr1560 in the S1-S2 loop, Phe1610 in the S3 segment, and Glu1613 in the S3-S4 loop in domain IV participate in toxin binding. T393A in the SS2-S6 loop in domain I also had lower affinity for LqhII, indicating that this extracellular loop may form a secondary component of the receptor site. Analysis with the Rosetta-Membrane algorithm resulted in a model of LqhII binding to the voltage sensor in a resting state, in which amino acid residues in an extracellular cleft formed by the S1-S2 and S3-S4 loops in domain IV interact with two faces of the wedge-shaped LqhII molecule. The conserved gating charges in the S4 segment are in an inward position and form ion pairs with negatively charged amino acid residues in the S2 and S3 segments of the voltage sensor. This model defines the structure of the resting state of a voltage sensor of Na + channels and reveals its mode of interaction with a gating modifier toxin.
mutagenesis | voltage-gated sodium channel V oltage-gated Na + channels initiate the action potential in nerve and muscle (1, 2) . They activate rapidly upon depolarization and then inactivate within milliseconds (1, 2) . Several families of neurotoxins bind to six distinct receptor sites on Na + channels and alter their function (3) . α-Scorpion toxins and β-scorpion toxins bind to neurotoxin receptor sites 3 or 4 and inhibit fast inactivation or enhance activation, respectively (4) . Their combined effects activate Na + channels at negative membrane potentials and prolong their opening, leading to repetitive firing, depolarization, and conduction block. As a consequence, these toxins kill organisms by inducing paralysis and causing cardiac arrhythmia. Because of their high affinity and specificity, the gating-modifier toxins are powerful tools to study structure and function of Na + channels (4, 5) . Identification of the molecular determinants for binding of toxins that modify activation or inactivation will provide important information about structural mechanisms of channel gating and give insight into design of therapeutic agents that could prevent toxin action.
Voltage-gated Na + channels in eukaryotes are heteromeric integral membrane proteins composed of a pore-forming α-subunit of 220 to 260 kDa and auxiliary β-subunits of 30 to 40 kDa (2). The α-subunit contains the ion pore, voltage sensors, and neurotoxin binding sites 1 to 6 (2). It consists of four homologous domains (I to IV) that each contains six transmembrane segments (S1-S6) and a short membrane-penetrating segment (SS1-SS2) between segments S5 and S6. The S5 and S6 segments form the central pore and the SS1 and SS2 segments form the ion selectivity filter at its extracellular end. The S1 to S4 segments form the voltage sensor. The S4 segment in each domain contains repeated motifs of a positively charged amino acid residue followed by two hydrophobic residues. These positive charges in the S4 segments serve as gating charges and move across the membrane electric field in response to changes in membrane potential, initiating conformational changes that open and close the pore (6, 7). The cytoplasmic linker connecting domains III and IV forms the fast inactivation gate, which folds in and blocks the pore during fast inactivation (2, (8) (9) (10) .
α-Scorpion toxins are single polypeptides cross-linked by four disulfide bridges, which form a highly conserved, tightly folded core consisting of an α-helix and a three-stranded β-sheet (11). Neurotoxin receptor site 3 is formed by amino acid residues in the S5-S6 extracellular linker in domain I and the extracellular linker connecting segments S3 and S4 in domain IV, which also contributes to the receptor sites for structurally unrelated toxins from sea anemone and spider venoms (12) (13) (14) (15) (16) . α-Scorpion toxins bind in a state-dependent manner, with high affinity for the resting state (17, 18) . The voltage-sensor trapping model of toxin action posits that binding of α-scorpion toxins prevents the normal outward movement of the IVS4 segment in response to depolarization, thereby trapping it in an inward position and uncoupling activation from fast inactivation (4). Prolonged depolarization overcomes the effect of toxin binding and drives dissociation as the IVS4 segment moves outward (4, 17) .
Previous work showed that the conserved acidic amino acid residue E1613 in IVS3-S4 is involved in binding of α-scorpion toxins (14) , and subsequent studies showed that analogous amino acid residues are important for binding of other toxins to voltage-gated K + and Ca 2+ channels (19) (20) (21) (22) . In this study, we identified amino acid residues in the ISS2-S6 loop, IVS1-S2 loop, and IVS3 segment as components of neurotoxin receptor site 3, and this information was used to generate a molecular model of the toxin-receptor complex in the resting state using the Rosetta Membrane program.
Results

Inhibition of Na + Channel Inactivation by Recombinant α-Scorpion
Toxins. To determine the effect of binding of α-scorpion toxins, WT Na V 1.2a channels were transiently expressed in the embryonic kidney cell line tsA-201 and analyzed by whole-cell voltage clamp. To determine the K d , cells were voltage clamped to −100 mV, depolarized to 0 mV to measure the Na + current, and tested for modification of fast inactivation by LqhII (Leiurus quinquestriatus hebraeus, toxin II) (23) . LqhII was synthesized by recombinant expression in Escherichia coli, purified, and renatured (Materials and Methods and ref. 24 ). In the absence of toxin, Na + currents activated and inactivated completely within a few milliseconds (Fig. 1A) . Addition of 1 nM LqhII slowed the inactivation of a fraction of WT channels, and 100 nM slowed inactivation of most WT channels (Fig. 1A) . The fraction of conductance remaining at 4 ms after the peak, which is proportional to the number of channels modified by LqhII (Fig. 1A) , was plotted versus toxin concentration (Fig. 1B) . These data were fit with a Hill equation (Eq. S1) using a fixed Hill coefficient of 1.0. From this analysis, the K d for LqhII binding was estimated to be 0.47 ± 0.05 nM for WT, consistent with other related scorpion toxins (14, 17, 25, 26) . The voltage-dependence of channel activation and inactivation was very similar in the absence and the presence of LqhII (Tables S1 and S2 ).
Molecular Mapping of Amino Acid Residues in the α-Scorpion Toxin
Receptor Site in Domain IV. Previous work with site-directed antibodies showed that α-scorpion toxins bind to the extracellular loops connecting S5 and S6 in domains I and IV (12, 13) , and sitedirected mutagenesis studies showed that the IVS3-S4 loop contains amino acid residues that participate in toxin binding, with Glu1613 as a primary binding determinant (14) . We reevaluated the effects of mutations of Glu1613 in the IVS3-S4 loop using recombinant LqhII. The voltage-dependence of activation of E1613A and E1613R was not significantly changed (Table S1) , whereas the voltage-dependence of inactivation was negatively shifted for E1613A but not E1613R (Table S2 ). The Na + currents conducted by WT, E1613A, or E1613R appeared identical in the absence of toxin (Fig. 1) . However, 1 nM LqhII was less effective in slowing inactivation of E1613A than WT, and even 10 nM LqhII was less effective in impairing inactivation of E1613R than 1 nM LqhII was on WT (Fig. 1 A, C, and D). Maximal modification was reached at 100 nM LqhII for both E1613A and E1613R mutants. The E1613A mutation reduced the affinity for LqhII w3.9-fold, and E1613R reduced the affinity w73-fold (Fig. 1G) . These results are consistent with the previous conclusion that Glu1613 is an important component of the receptor site for α-scorpion toxins.
To develop an accurate molecular model of the receptor site, it is necessary to identify all of the amino acid residues in different extracellular loops that are required for toxin binding. To complete mapping of the receptor site, we studied mutations of the remaining amino acid residues in the IVS1-S2 and IVS3-S4 loops. Hydrophobic amino acids were converted to alanine to remove side chain interactions with minimum perturbation of secondary structure. Charged amino acids were replaced with amides of similar size: glutamine for glutamate, lysine, and arginine, and asparagine for aspartate. Additional residues in the S1, S2, S3, and S4 segments in domain IV were also screened by alanine-scanning mutagenesis. We present the functional analysis of the most informative mutants first, followed by a 2D map and 3D model of the toxin receptor site.
Mutant F1610A in the IVS3 segment had reduced affinity for LqhII ( Fig. 1E) , with w10.7-fold increase in K d compared with WT ( Fig. 1H ). The voltage-dependence of activation was similar for WT and F1610A (Table S1 ), whereas the voltage dependence of fast inactivation of F1610A was negatively shifted by w13 mV (Table S2 ). Phe1610 is located 3-aa residues on the N-terminal side of Glu1613 in the IVS3-S4 loop. The decrease in affinity with alanine mutations at both sites suggests that these side chains form an essential part of the toxin-binding site.
The results for mutant T1560A in IVS1-S2 also revealed a significant reduction in affinity for LqhII (Fig. 1F) , with no significant change in the voltage-dependence of channel activation or fast inactivation (Tables S1 and S2 ). The concentration-response curve was shifted to higher concentration, with a K d w5.9-fold higher than WT (Fig. 1H ). This decrease in affinity suggests that the side chain of this residue may interact with the toxin directly.
Kinetics of Dissociation of LqhII. Binding of α-scorpion toxins is reversed by strong depolarizations that activate the voltage sensor (14, 17) . Cells expressing each channel type were voltageclamped to −100 mV to allow maximum binding, and then depolarized to 100 mV for 1 to 1,024 ms to induce dissociation, hyperpolarized to −100 mV for 20 ms to reverse inactivation, and depolarized to 0 mV for measurement of Na + current ( Fig.  2A) . For WT channels in the presence of 100 nM LqhII, progressively longer depolarizations caused faster and more complete Na + channel inactivation, indicating LqhII dissociation ( Fig. 2A) . Dissociation of toxin and loss of toxin action were virtually complete after a 256-ms depolarization to 100 mV (Fig.  2B ). For WT in the presence of 100 nM LqhII, the dissociation time constant was 95 ± 3 ms at 100 mV, 135 ± 17 ms at 80 mV, and 288 ± 53 ms at 60 mV (Fig. 2B) . These results show that the rate of toxin dissociation is voltage-dependent, with more rapid dissociation during stronger depolarization (Fig. 2C) .
The same protocol was used to measure the dissociation rate for the three mutant channels (Fig. 2C ). The WT channel had the slowest dissociation at all membrane potentials. E1613A and F1610A mutations decreased the time constant by w4.3-and w6.7-fold, respectively, at 100 mV. The effect was smaller for T1560A, with w1.9-fold decrease in time constant at 100 mV. The dissociation time constants for all three mutant channels were voltage-dependent, with lower values at more depolarized potentials (Fig. 2C) . The time course of toxin dissociation was also determined in the presence of 30 nM toxin. concentration-dependence (Fig. 2D) , indicating that the dissociation step is a state-dependent, unimolecular reaction.
Kinetics of Reassociation of LqhII. The rates of toxin association were assessed for WT and mutants using a 200-ms prepulse to 100 mV to cause toxin dissociation, followed by progressively longer hyperpolarizing pulses to allow toxin rebinding, and a final test depolarization to 0 mV to assess LqhII action (Fig. 3A) . For WT channels, toxin dissociated during the prepulse, as indicated by the rapid inactivation when only 50 ms were allowed for rebinding (Fig. 3B) . Toxin gradually rebound after longer repolarizations with complete reassociation at 12.8 s (Fig. 3B) . The time course of toxin reassociation was exponential and independent of membrane potential ( Fig. 3 B and C) . The same protocol was used to measure the association rate for the three mutants at 100 nM toxin (Fig. 3C) . The time constants for toxin binding to mutant channels were similar to WT and were voltage-independent. Similar experiments at 30 nM LqhII showed w3.3-, w4.5-, and w5.7-fold decreases compared with 100 nM toxin, but little change from WT (Fig. 3D) . Thus, the time constant for binding showed strong concentration-dependence. However, there was no effect of the mutations and little or no voltage-dependence, indicating that the association step is a diffusion-controlled bimolecular reaction with the resting state.
Amino Acid Residues Required for Toxin Binding in Domain I. Antibodies directed against the extracellular SS2-S6 loop in domain I were effective in immunoprecipitating peptides covalently labeled by a photoreactive α-scorpion toxin and in reducing binding of the α-scorpion toxin LqTxV (Leiurus quinquestriatus toxin V) (12, 13) . Moreover, recent structural studies of K V 1.2 channels show that the equivalent of the SS2-S6 loop interacts with the voltage sensor of the neighboring subunit, implying interaction of the ISS2-S6 loop of Na + channels with the voltage sensor of domain IV (27) . To identify possible sites of interaction of LqhII in the ISS2-S6 loop, we tested the amino acid residues from F385 to Y401 by alanine-scanning mutagenesis. An increase of w3.4-fold in K d was observed for mutant T393A (Fig. 4  A and B) , resulting in a rightward shift in concentration-response curve, whereas this mutation had no effect on the voltagedependence of activation or inactivation (Tables S1 and S2 ). Mutation of other amino acid residues in the ISS2-S6 loop had little or no effect on toxin binding, so this loop may form a secondary component of the toxin-binding site.
The rates of dissociation of LqhII from T393A channels were measured in the presence of 30 or 100 nM toxin using the same A C B D Fig. 2 . Voltage-dependent dissociation rates of LqhII. (A) Traces demonstrating time-dependent dissociation of LqhII at 100 mV. Cells expressing WT Na V 1.2 channels were incubated in 100 nM LqhII for 6 min at a holding potential of −100 mV to allow binding. The rate of toxin dissociation was determined with the illustrated pulse paradigm by stepping to a depolarizing pulse of 100, 80, or 60 mV, for 1 to 1,024 ms, returning to −100 mV for 20 ms to allow recovery from fast inactivation and then assessing the effect of the depolarizing pulse with a 10-ms test pulse to 0 mV (test). (B) Time course of dissociation of 100 nM LqhII from cells expressing WT channels at 100 mV (τ = 95 ± 3 ms, n = 3), 80 mV (τ = 135 ± 17 ms, n = 3), and 60 mV (τ = 289 ± 53 ms, n = 3). protocol illustrated in Fig. 2A . The rates of toxin dissociation were voltage-dependent and generally similar to WT for T393A channels (Fig. 4C) . A slight increase in time constant for dissociation of LqhII from T393A was observed at 60 mV for both toxin concentrations (Fig. 4C) .
The rates of toxin association were assessed for T393A channels using the same protocol as in Fig. 3A . The association time constant was voltage-independent and showed w1.2-, w1.7-, and w2.2-fold increase compared with WT at −120, −100, and −80 mV using 100 nM toxin (Fig. 4D) . The time course of toxin association also showed a similar increase compared with WT when measured at 30 nM toxin. Thus, this mutation causes primarily a decrease in the rate of toxin association at negative membrane potentials.
Molecular Map of Neurotoxin Receptor Site 3. The K d values for all Na + channel mutants are summarized in Fig. 5 , together with data from our previous work (14) . Most mutants in domain IV were identical to WT, with the exception of mutations of three amino acid residues: T1560 in the S1-S2 loop, F1610 near the extracellular end of the S3 segment, and E1613 in S3-S4 loop. These results suggest that the side chains of these amino acids in domain IV form part of the binding pocket for α-scorpion toxins.
For the SS2-S6 loop in domain I, only T393A caused a substantial increase in K d . The structure of K V 1.2 channels reveals that the voltage sensor from one subunit interacts closely with the pore of the adjacent subunit in a clockwise direction (27) , implying that the ISS2-S6 loop is located adjacent to the IVS3-S4 loop in Na + channels. Therefore, it is likely that the amino acid residues in IVS1-S2 and IVS3-S4 form the primary receptor site for α-scorpion toxins, whereas Thr393 in the ISS2-S6 loop provides a secondary site of interaction.
Structural Model of the α-Scorpion Toxin/Na V 1.2 Channel Complex.
We have developed a structural model of the LqhII-Na V 1.2 complex using the Rosetta docking method (28, 29) and resting state models of the K V 1.2 channel (30-32) as a template for the Na V 1.2 domain IV voltage sensor ( Fig. 6 ; see Fig. S1 for the sequence alignment between the voltage sensor in domain IV of Na V 1.2 and the voltage sensor in the K V 1.2 channel). Our model shows that the LqhII toxin has an extensive interface of interaction with the extracellular water-accessible cavity of the domain IV voltage sensor (Fig. 6) . The overall orientation of the α-scorpion toxin LqhII relative to the voltage sensor (Fig. 6) is similar to the orientation of the structurally homologous Centruroides suffusus suffusus toxin IV relative to the voltage sensor in domain II (33) . The wedge-shaped LqhII molecule sits in the cleft between the IVS1-S2 and IVS3-S4 loops and makes intimate contact on two sides of the wedge through interactions with amino acid side chains (Fig. 6) . LqhII residues Phe15, Trp38, and Asn44 in the core domain of LqhII are buried deeply in the cleft between IVS1-S2 and IVS3-S4 (Fig. 6 B  and D) . Evidently, interactions of the core domain of LqhII with amino acid residues in this cleft in the voltage sensor contribute the majority of the binding energy that drives formation of the toxinreceptor complex. The key amino acid residues in the Na + channel are also positioned to interact with the bound toxin (Fig. 6 A and  C) . Thr1560 in IVS1-S2 interacts with one face of the wedge-shaped toxin and Glu1613 interacts with the other face. In the most stable channel conformation shown in Fig. 6 , the side chain of Phe1610 points away from the bound LqhII. However, a slightly different conformation in which the IVS3 helix is unwound beginning at Phe1610 allows its interaction with Phe15 and Trp38 in the core domain of LqhII and retains potential interactions of Thr1560 and E1613 with bound LqhII. It is conceivable that toxin binding induces unwinding of the outermost turn of the IVS3 helix and that voltage-dependent outward movement of the S4 segment induces rewinding of the outer end of the S3 segment into helical conformation and consequent dissociation of the bound toxin. Alternatively, it is possible that this unwound conformation of the outer end of S3 is found in the resting state of the channel, even though it appears to be less stable in Rosetta modeling.
Discussion
Amino Acid Residues in S1-S2, S3, and S3-S4 Segments in Domain IV Form the Primary Receptor Site for α-Scorpion Toxins. We found previously that the acidic amino acid residue Glu1613 in the S3-S4 extracellular loop in domain IV contributes significantly to α-scorpion toxin binding (14) . In this work, we found two addi- (14) or fold-changes in K d , as determined using electrophysiology experiments described in Results (filled bars, n = 2-13). Different substitutions for E1613 are shown as stacked bars of different colors. Ala and Gly residues (A396, A397, G398, G1608, and A1612) were not studied. R395Q and R395H gave no Na + current.
tional nearby mutations that caused substantial reduction in binding affinity for LqhII: T1560A in IVS1-S2 and F1610A near the extracellular end of IVS3. It is likely that these three amino acid residues form the primary component of the receptor site for α-scorpion toxins. Amino acid residues aligned with Phe1610 and Glu1613 contribute to the ω-agatoxin receptor site in Ca V 2.1 channels (19, 20) and the hanatoxin and grammotoxin receptor sites in K V channels (21, 22) . Thus, these studies reveal a common five-residue motif of two hydrophobic residues in positions 1 and 2 followed by Glu in position 5 (ΦΦXXE) that may contribute to the actions of all of these gating modifier toxins (4).
Amino Acid Residues in Domain I Form a Secondary Site of Interaction for α-Scorpion Toxins. Antipeptide antibody experiments suggested that neurotoxin receptor site 3 is formed by amino acid residues in the segment between amino acids 382 and 400 in the extracellular S5-S6 loop in domain I, as well as by the S3-S4 loop in domain IV (12, 13) . Our experiments identify Thr393 as a primary point of interaction in this segment of the channel. The structure of K V 1.2 channels revealed that the voltage-sensing module from one subunit interacts closely with the pore-forming module of the adjacent subunit in a clockwise direction when the K V 1.2 channel structure is viewed from the extracellular side of the membrane (27) . This organization would place the IS5-S6 segment adjacent to the IVS1-S2 and IVS3-S4 segments in Na V channels. β-Scorpion toxins, which are similar to α-scorpion toxins in structure but enhance activation by binding to the S3-S4 loop on domain II, have been found to interact with amino acid residues in the SS2-S6 loop in the adjacent pore-forming module in domain III, as well as with amino acid residues in IIS3-S4 (34) . Consistent with these previous studies, we found one amino acid residue (Thr393) in the ISS2-S6 loop that contributes significantly to α-scorpion toxin binding, although its contribution was substantially less than IVS1-S2 and IVS3-S4. These results indicate that α-scorpion toxins have a secondary site of interaction with this segment of domain I. The conformation of LqhII bound to domain IV (Fig. 6 ) places it in position for the essential amino acid residues in its N-and C-terminal domains to interact with amino acid residues in the S6-SS2 segment of domain I.
Voltage-Dependence of α-Scorpion Toxin Binding. α-Scorpion toxins bind with high affinity to the resting state, and their binding is reversed by depolarizations that activate Na + channels (17, 18) . Recombinant LqhII dissociates more rapidly at more depolarized potentials, as previously observed for other α-scorpion toxins (14, 17, 26) . These results indicate that the conformation of the toxin-receptor complex changes during depolarization from a high-affinity conformation in the resting state to a low affinity conformation in the activated state. Evidently, highaffinity toxin binding to the resting state of the voltage sensor opposes the outward movement of the S4 segment in domain IV in response to depolarization, thereby uncoupling channel opening from fast inactivation. However, prolonged depolarization can drive voltage-dependent dissociation of bound α-scorpion toxin (17, 18) . Mutations T1560A, F1610A, and E1613A significantly decreased the dissociation time, demonstrating that alanine mutations at these sites reduced the stability of the toxinchannel interaction.
By comparing the time constants for LqhII binding to WT channels at different potentials, we found that toxin binding to the resting state of Na + channels is voltage-independent. These results indicate that the charged amino acid residues of the toxin do not enter the transmembrane electric field during binding. Furthermore, the mutations T1560A, F1610A, and E1613A did not change the association time constant significantly at these hyperpolarized potentials. Therefore, the changes in toxin binding affinity to the resting state caused by these mutations in domain IV must result from changes in the rate of dissociation. However, the T393A mutation in domain I increased the association time constant at hyperpolarized potentials, indicating that this mutation may affect toxin binding by a different mechanism. The decrease in the rate of toxin association caused by mutation T393A raises the possibility that the -CH 2 OH group of Thr393 may catalyze the movement of LqhII into its receptor site in addition to its contribution to binding affinity. (27, (35) (36) (37) , which is expected because the activated state is favored at a membrane potential of 0 mV as in a protein crystal. We have developed a molecular model of the resting state of the voltage sensor of K V 1.2 channels using the Rosetta Membrane modeling system (30, 32) and the crystal structure of the open state (36, 37) , and we have used the Rosetta Membrane Docking algorithm (29) to construct a model of the α-scorpion toxin-receptor complex. Our structural model (Fig. 6 ) reveals a close fit of the toxin in the cleft between the . Side chains of key residues for LqhII-Na V 1.2 interaction are shown in space-filling representation and all other side chains shown in stick representation. A probe radius of 1.4 Å was used to scan the molecular surface of each structural model. This figure was generated using Chimera (43) . S1-S2 and S3-S4 extracellular loops of the voltage sensor in domain IV. This docking position closely resembles the position of the β-scorpion toxin CssIV when bound to its receptor site in the voltage sensor of domain II of Na + channels (33) . It is noteworthy that our structural model does not reveal interactions of amino acid residues in the N-and C-terminal domains of LqhII with the voltage sensor, even though these amino acid residues are important for toxin binding (23, 24, 38, 39) . We speculate that these amino acid residues may interact with the SS2-S6 loop in domain I, which may form a secondary site for toxin interaction. Our current models for the structure of the voltage sensor do not define its spatial relationship with the SS2-S6 extracellular loop in the complete structure. Therefore, a model of this part of the toxin-receptor complex must await determination of the 3D structure of the resting state of a voltage sensor in a complete voltage-gated ion channel or development of models for the entire four-domain Na + channel structure.
Implications of Voltage-Sensor Structure for its Mechanism of Action.
Our model provides an initial view of the resting state conformation of a Na + channel voltage sensor. As expected from our model of the resting state of K V 1.2 channels (30, 32) , the S4 segment is in a transmembrane orientation in the resting state, and its gating charge-carrying arginine residues are in an inward position, poised to move outward upon depolarization of the membrane. The R2 gating charge interacts with Asn1567 on the extracellular side of the S2 segment. The R3 side chain is on the intracellular side of the gating pore in position to interact with the conserved negatively charged residues Glu1578 in S2 and Asp1598 in S3. The R4 and R5 gating charges are exposed on the intracellular side of the membrane. These molecular interactions illustrate how the voltage-sensor structure stabilizes the gating charges in their inward position in the resting state and how binding of LqhII traps the voltage sensor in its resting conformation.
Materials and Methods
LqhII was produced as described (24, 40) . Structural modeling was carried out as described (30, 31, (41) (42) (43) . Site-directed mutagenesis, cell culture and transfection, and electrophysiological recording were carried out as described (44) using the recording solutions described in SI Materials and Methods.
Additional technical details are presented in SI Materials and Methods.
